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(kwphysical  applications of the. Global Positioning System (C;I’S) require

estimate and propagate satellite. orbits with high precision. An accurate mode

he capability to

of till the forces

acting on a satellite is an essential part of achicwing  high orbit accuracy. Mcthmls  of analyzing

the. pcrturbatim  due to thermal raditition  and dctcrtnining,  its cfi’ccts  on the long term orbital

behavior of GPS satellite.s arc prcstmted. ‘1’hc thermal inlbalancc  force, a rl(~]l-gravitatic~rlal  orbit

perturbation previous] y cmside.rcd negligible, is the focus of this paper. ‘1’hc liarth’s shadowing

of a satellite in orbit cause.s pcrimlic  changes in the satellite’s thermal environment. Simulations

show that nqject  ing thermal imbalance in the sate.1 I ite. force. model  gives orbit errors larger than

10 meters over several  days for eclipsing satellites. ‘1’his orbit mis-nmdeling can limit accuracy

in orbit determination and in estimation of baselines used for geophysical applications.
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Mismodeling  of’satellite. force. parameters can have a significant effect on satellite orbits,

especially in orbit prediction. g SL>l]lc:]13]Jlicati(ll]s  require the capability toestimatc and propagale

satellite orbits with high precision. ‘l’ol>lix  prc,cisicln orbit (ic.tc.rmination is one example where

]>rccise ]]l(l(lelitlg( >fll(lll-gravitati(  lt]til l’orccs ise.ssential it](~r(lcrt~lfl]lfill  ]llissi(ltl  rc(]l]irel]le.llts.2

Also, some of the observed drng and orbit dcca y on the. spacecraft 1,AGltOS has been attributed to

unmodcled  thermal i’orccs.~>4  ‘1’hc. focus of this analysis was to assess the effects of neglecting

thcrtnat  re-radiation and mismodcling of non-gravitational forces on satellite orbits. ‘1’o achieve a
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high level of orbit accuracy, an accurate  model of all the, l’orccs acting on an earth-orbiting satellite

is necessary.

Radiative heat transfer between  a satellite and its environment is the basis for the. thermal force

mode.]. A satellite in Earth orbit is cent inuous]  y il lum inatcd by radiation, most of which comes

from the sun. I’hc thermal imbalance force is directly related to the tcmpcraturc distribution of the

satellite in its changing environment. An unc.vcn te.mpcraturc  distribution causes surfaces to rc-

radiatcene.rgyat  cliffmmt rates. S(~]]~c stl](lic.s  t~avesll[~\vr~  that t~~(~st (> ftl~cthcrl]lal  gra(lie)~t for-cm

on a 7’OPIIX satellite originate. within the spacecraft body.2 Whereas, other ana]yscs  have shown

that the dominant source. for therm:ll  rc-r~diation  folces on a G1’S-like satellite is the solar panels

due. to their klrgc exposed area and low heat capacity.s

‘1’he satellite’s heated  body rc-ra[iiatesc  l~ergy  at a rate.  that is proportional to its tcmpcraturc,

losing the energy  in the form of photons. llyc{lllserv:itiLJl]  {> fl]lt>]]lcllt~]  t]l, a net momentum flux out

of the body creates a reaction force against the radiating surface, and the net thermal fmcc can bc

observed as a small perturbation that affects long term orbital behavior of the spacecraft.s ‘l’he

partial differential equations and houndaly conditions describing the temperature distribution and

the heat transl’cr between surfaces, along with the application of the finite. clement mcthoci are

prcsc.ntcd in this paper. A brief description of the statistic 1 c.st imation technique used for studying

the effect of the thermal imbalance force.  on satellite. orbits is included.

lhdiation find ]Ieat  Conduction l~ornlulation

Two types of heat transfer that affect a spacecraft in orbit arc radiation an(i heat con(iuction.

‘1’lm  exchange of energy  be.twmn  tim spacecraft an(i its surroun(iings  is (icscribcd by ra(iiation heat

transfer. Ckmduction  is the transfer of heat by molecular motion  within a so]i(i  medium. lrigure 1

shows the type of heat transfer that affects an orbiting spat.e.cl-afto

The rate of radiant energy  transfer is given by

1 i,. = ECT”l’4

l)y  conservation of nlomcntum, the thermal force,

surface e.icmcnt, assuming a I xtmbcrlian  sutp~cc, is cxprcsscxi as:5

IAw: ~

(1)

of nlomcntutn for a radiating
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(2)

The unit vector in lk]. 2 is clcfimxl as normal to and direded  out the sun-tracking surface of the solar

panel. ‘1’he differential force must he integrated mm the entire surl’ac.e  to dctmninc  the complctc

thermal  force:
* 20ftl,cr,,)i,]  = - ~c

\

F.’1 j dA fia
Q

(3)

C2Mrl y, thermal forces cannot bc compute.d unless spacecraft surffice  tm~pcratures  arc known.

in general,  the, temperature at any point within a body satisfies the heat cqmtim:s
71 ‘

K V21’ =. p (nl) -ijt (4)

“1’hc solution to this second order pal-tial  diffcrcntia]  equation requires that boundary conditiolls

Ix specified. ‘1’he. boundary conditions are defined by thermal radiation and heat conduction. As

given by the conservation of energy  principle, the. total nmount  of energy coming into a surfidce  is

qua] to the, total amount of energy leaving the surF~cc, assumirlg  there is no internally gcmratcd  or

stored cne.rgy  (no sinks and no sources). “J’lw boundary condition for the satellite sutfacc  can bc

obtained by using this condition as:

(s)

where {]in is the amount of incoming radiative energy due to external sources and internal

conduction and qotlt is the amount  01 radiative ermgy  leaving the boundary due. to re-raciiation  and

conduction. Figure 2 shows the conservation of cmrgy  principle, for a satellite so]:ir pane] surftice..

LJsing this concept, the bolmlfiry conditions for each surface were constructed, ‘J’hc incident

radiative solar energy  rcccivtxl  pc.J unit area pcr unit time by si(ic a and side b of the solar pane] aJc

rcprcscnted  by ha and ht):s

KA~;; = q>oA”l~> - I]I)A (6a)

(6 b)

‘1’hc actual amount of incident radiative mcrp,y rcccivcd by each si(ic. of the solar piJIel is a function

of panel orientation and the. orbit of the satellite.. ‘1’he subscript (i rcprcscnts the left boundary in
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local  cmrdinatcs (cold  side.) and h is the right boundary, which is assumed to lx continuously

facing  the sun during orbit for a G1’S-type satellite. ‘1’hc term on thc]cft side o!’thccqual  sign in

llc]s. ((is) and ((ib) is the beat ilux, e.ncrgy per unit time per unit arm, in the local x-direction, which

is pcrpcndicu]ar  to the solar panel t’acc. ‘J’he values LIsed for some of the parameters described

above aic shown in ‘1’ab]c 1, and arc consistent with values used for G]% satellites.

PIll~-Protran,  a finite clement  method program, was mcd to solve  the transient heat conduction

and radiation problem prcscntcd hmc. 1’D1\-Protran was developed by Granvillc Scwcll ami is a

general purpose twc>-dil~~cr~sic>r~al  partial ditl’crcntial equation solver.v ‘1’his software was combimxl

with a program which incorporated material pmpcrtics, the satellite’s orbit orientation, and thermal

environment to determine solar panel surt’acc  temperatures. Grid points were chosen to divi(ic the

solar pane. ] into small sections or “clcme.nts”  where the temperature of the solar panel was computed

for each grid point in one dimension, across the thickness of the sokir  panel.  ‘1’hcsc grid points

coincide with the boundaries bctwecm  each layer of the solar panel’s “s:lll(l\viclle(l”  materials (shown

in Table 2), Accurate and current knowledge of physica]  parameters such as surface cmissivity,

thermal conductivity, beat capacity and material density is required. l;or this analysis, these

material propcrticsarc  assumed to remain constant throughout the satellite’sorbil tind only thesolar

radiation environment varies with time as the satellite cxpcricnms  eclipsing, or shadowir~g  from the

sun by the earth. ‘1’hc material p:lramctcrs  directly inl’luencc  the thermal forces which are calculated

and have an effect on the prediction and propagation of the spacecraf[ trajectory. Also, these.

material properties may change in time or degrade due to the harsh environment of space.~

t W()

by:

orbit Analysis Technique

in this investigation, the equations of motion fol an I{arlh satellite are assumed to include the

body gravitational effect and the thermal imbalance forces only, and arc given in vector form

(’7)

is computed as:
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The effect of the

->

‘therm ,‘  2;’: (W’f,  -  C:i’lj) fia

thermal imbalance force. on a satellite

(8)

can be observed by comparitlg the

perturbed orbit with the unperturbed two body  orbit in time. Since there is no closed form

analytical solution for the perturbed equations of motion, a numerical integration technique was

mxcssary  to solve the ordinary dil’fcrcntial  equations of motion. ‘J’he perturbed and unpcrturb(d

orbits originak  with the same initial conditions and them the displacement between thcm at a given

time can bc observed. A least square.s estimation tc.chniqm  is used to determine the state of the

satc]lite  in its orbit at a specified epoch.9 ‘J’hc initial conditions of onc orbit can be acljuste.d  at a

given  tinlc

observe the

in this

to eliminate the, secular divergence bctwmn  the perturbed and unperturbed orbits to

pcrioctic bchavim.

analysis, two types of G1’S satellite orbits we.rc studied, ‘1’hc satellites o!’ the Global

Positioning System are distributed in six mwnly  spaced orbit planes. When completed, the final

constellation will consist of 24 satellites at an orbit altitude of approxinlatc]y 20,000 km with an

orbit period of about 12 hours. In this constellation, most satcliitcs are exposed to full sun light. As

the orbit geometry cbangcs, however, some. GPS satellites will expcrie.nce eclipsing or shadowing

from the sun by the earth. IJoth eclipsing and non-eclipsing satellites arc the l’ocLIs of this stu(ly.

‘J’hroughout its orbit, the G1’S solar panel maintains a l’ixcd orientation toward the sun. Nodal

motion was not consiclmxi,  since. it is not significant for the short time interval of one, week used in

this study. No internally ge.neratcd  energy was modclexl  in this study, but the absorbed solar

radiation that is convcrtcd to electricity was n)odeled,  using the efficiency of the solar pane] fit

14. 1%. Although studies have.  shown that for a ‘J’0]’l;X satellite, the thermal radiation forces

originating with the spacccraf[ body arc twice tha( duc to the spacecraft solar panels, the major

source for thermal re-radiation forces on a C]PS-like sate.llitc arc the spacecraft’s thin, large solar

panels.2~S  Clmsequcnt]y,  in this analysis, the GPS satcllile.’s  main body was not considered. other

studies arc currently considering this problem of modeling thermal re-radiation  forces for a

complete GPS spacecm ft.



IIiscussion  of Results

in order to ckte.rmine  the direction and magnitude. of lhc thermal t’otcc, the surface

tcmpcraturm  were calculakxi  using, the i’initc  element method pro~ram, Pill{-Protran.’7 Several

simulations were tcstd,  ‘1’hc. data input that was required for the simulation is shown in Table 2.

“J’his table lists the material properties for a l~lock  11 GPS satellite solar ptinel  (Rcfs. 8, 10-13, 1S),

‘1’he initial conditions included a solar panel orientation perpendicular to the sun, and an initial

tcmpcraturc  of 3000K.” “1’hc time step used in the analysis was 1 ()() sccomls (one GI’S orbit is

a13}3rLlxi1]lately  43,2()  ()secclrl(lsat  l(ltl]e.cc  lipsi[lgI~cri(J(l  l:istsal>[>r~>xitllately  3200seconds).

GPS satellites cxpcrie.nce  an cc.lipsing season  for only a fcw weeks every  year.  llc]ipsing has a

strong effect on the solar radiation mvironmcnt  those satellite.s. ‘J’his  is evident in the temperature

Of a G}% satellite solar pane.1 over onc orbit  shown in ]Jig. 3. ‘1’hc stc.ady state tcmpc.raturc for the

sun-facing side is approximately 317°K and the. shaded side is 3q 3°K. ‘1’hcsc wrlucs compare. WCII

with the approximate, value  of 31 3°K which has bexm measured on the cold shaded  si(ic of the solnr

paJ]c.]  for a GPS satc]litc.. ~ ()>~ 1 “1’hc face e.xposcd to the. sun h:Is not been ~iircctly  measured anti

therefore the te.mpcrat  urc difl’e.rc.ncc  bctwccn surfi~ccs is not we] 1 known, but is believed to be

approximately 5°K (l{elk. 1(1-12, and 14). ]Iuring the eclipse pcrimt, which lasts approximately onc

hour, them is a de.clinc  to a pane] temperature of :l]>~)rt~xiij~:ltely  253°K.  Once exiting the shadow

region, the solar panc]s slowly return to their steady  state temperatures after approximately 3 hours.

Modc]ing the coverglass  surface accurately has been difficult during this study since that

information was not readily awrilable.. ‘J’hc thermal conductivity of this fused silica layer is vc.ry

low as compared to that of two other (iominant  la ycrs, the rrluminum  core and solar cell laycrs,12

This layer, on the sun-facing side of the sohrr panel, mntributcs  most of the te.mpe.rature.  imbalance

primarily bccausc of its low thermal conductivity and high thickness as compared to other sohir

panel layers, cspc,cial]y the aluminum core. Although it is bclicvcd  that the solar pane] cmwrglass

layer is transparent to all incident radiation, the. material pmpe.rtics from this specific layer of the

solar pane.] were not removed  from this analysis. It was important to simulate the solar pane] as it
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exists in orbit to observe the long term orbital el’fccts  0( the thcrma 1 inlbalance force on a GPS

satellite. ‘1’his is adequate as long as the correct mate.i  ial propcrtim are used in the analysis.

As an example, two simulations were. performed using identical solar panel parameters (values

given  in Table 2) except for differcmt thermal conduc(ivitics for the sun-facing covcrglass  layer.

‘1’hcse. simulations arc p)escnted to show the sensitivity of the temperature ancl thermal force

calculations to the thermal conductivity of the covcrglass. ‘J’h! value for the thermal conductivity

given in Test C%se 2 shown in ‘1’ab]c 3 was used to dcrmmstrfite  how unrca]istic  thermal forces can

bc computed when using incorrect vtilucs  for the solar pane] material properties. Previously,

however, this was believed to be the, correct value  for the thermal conductivity of the fused silica

covcrglass layer of a GI’S satellite solar panel,~~l  3 ‘1’he results shown in ‘1’at>le 3 describe the

steady-state tcmpcrtiturcs  and thermal accelerations that were computed using  the specified values

for the coverglass  thermal conductivity. Again, both test cases shown in “1’ahlc 3 are idcntica  I

except for the value  of thermal conductivity for the solar panel covcrglass layer.

in this paper, the. reference. frame is defined as s~o:lcecr:li’t-cct~terccl  radial  and along-track

components. The alol~g-track  component is also referred to as the transverse. or down-track

direction, defined in the (Iircction  of the. satellite velocity vector. Figure 4 shows ra(iial and along-

track components of the acceleration due to the.1-mal r-c-radiation over one orbit for an eclipsing

satellite. ‘1’htm compare well with studies which have shown unmodclcd  rl(~rl-gr:ivit:iti(~rlal  forces 10

calJsc elrors  of this nlagnitudc.14 Also, these rmu]ts wc. rt! computed using the information

pre.sentc~l  in Table 2 and ctescribcd as ‘J’est Case 1 in ‘1’able 3.

l;igure  5 shows the diffcrcnccs t>ctwccn two orbits, one compute(i  using two-body effects only

and another trajectory was computed with two-tmly  tind thermal imbalance force for a satellite in

an eclipsing orbit during one wce.k. The radial rms is (1.S meters and the alorlg-track  rms is 5,2

meters. ‘1’he.sc  results were computed using a technique similar to the method used to predict

satellite orbits based on a set of initial conditions and a complete. force model  of the spacecraft,

which cou]d include  the solar radiation pressure. and thermal  in~halance force. in this case for an

ec]ipsing  satc]]itc after seven days, the akmg-track  componc.nts  differ by approximately 13 meters.
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Figure 6 also shows the dil’!’ercnces  bctwmn  two orbits, onc with two-body effects only and

another computed using two-body and thcrnwl imbalance force for a satellite which is not in an

eclipsing plane. The radial rms is 0.S meters and the a]ong-track  rms is 1,6 meters. It can bc seen

from these  rcsu]ts  that an eclipsing satellite expcricnms  a large.r perturbation in the along-track

direction over the span of one week, than a sate.llite which is not in an eclipsing, orbit plane. For the

non-eclipsing satellite case, after seven dfiys, the along-track difference. is approximately 5 meters.

The next two figures  represent the rcsulls  compute.d using a lctist  squares estimation algorithm

in which the sitnulatcct  observation data contained only the two-body gravitational and thermal

imbalance rc-radiation  forces. ‘1’hc form mode.]  used in the estimation algorithm conta incd the two-

body gravitational force model with a solar radiation pressure Inodcl to observe the. ability of the

force model to account for thmna 1 imba tancc forms which have bce.n d iffie.ult to modct  but exist in

the. observations, “1’he best estimate of the. satcllile.  epoch  state, in the least squares sense, is

calculated which includes the satcltitc  position, velocity and a solar radiation pressure scale Pdctor.

Pigure 7 shows the orbit fit residuals for a satellite in an orbit plane that is regularly eclipsing.

‘1’hc radial rms is 5 centimctc.rs and the along-track Ims is 80 centimeters. At’tcr seven  days, the

along-track orbit error is almost  2 mctc,rs, ‘1’hesc. results show that the solar radiation Jmssum  scale

factor in the estimation scheme is capab]c  of absorbing most of ttm orbit error due to thermal re-

radiation, but not al I of the orbit error, espc.c.ia  It y in the a long,-trac.k  di t-ccl ion.

l;igurc  8 also shows orbit fit residuals for a GI’S satellite, the. same estimation technique, but

the sate]litc  is in a non-eclipsing orbit plane. ‘1’he radi:tl  rms is 9 mm and the along-track t-m is 17

ccntimctcrs.  After seven days, the! along-track orbit error is approximately 40 ce.ntimctcrs,  Clcar]y,

the eclipsing of the satellites has an influence. on the. orbit errors, when a thcrma I rc-radiation  force

is not incluctc.d  in the estimation l’orcc model. I ,argcr orbit e.rmrs arc calculated when the satellite is

in an eclipsing orbit p]anc.

A one, week prediction can bc made using the. satcl]itc  state computed  for the best lcmst  squares

estimate in Figure 7 and compared to the best least square estimate for that prcdictcct week.



Studies have shown that, for eclipsing satellites, the quadratic-like growth in the along-track

direction caJl give mot’s as large as 50 mtcrs after a one. week prc.diction,l  6

Concluding remarks

‘1’hc current ana]ysis  has shown that ohit errors ]argcr than 1(] meters occur when mismodc]ing

non-gravitational forces such as the thermal imbalance for-cc presented her-e. A finite clcrnent

method  technique has been used to calculate satellite so]ar panel temperatures which arc used to

dcterl~~it~et  l~cn~agt~ittl~lea  nddirecti(~l~(  >ft}~ctl~crlIl:ll  il~~l~al;ltlccf(~rce. Although this force may not

bc rcsponsib]e for all of the force mismode]ing, conditions may work in U>lllbiJlatiOJl  with the

thermal imbalance force to produce such acc.clcmtiol]s  on the order of 1,() c-9 nl/s2. One possihlc

contribution which is currently being  studied is the solar panel n~isalignmemt,  acting together with

the thermal itnbalancc  force which may account for much of the. unmodclcd  pcriurbations. If sul>-

me.tcr accurate orbits and celltilllctc.r-lc.vc.l  accuracy for gmphysical  applications arc dcsiml,  a tinle-

dcpemdcnt  mode] of the thermal imbalance force should bc used especial] y when satellites are

eclipsing, where the observed  errors arc larger than for sate.llitcs in non-eclipsing orbits. Onc study

has shown that estimating :iddition:l] stoclmstic  solar radiation parameters improves GI’S orbit

accuracy significant] y, especially for eclipsing sate. ] Iitcs.  ~ 7 ‘1’his technique can be usc(i to absorb

the orbit c.rror that is caused by mismodcling thermal inlbalancc  forces.

Although mode]ing  the spacecraft so]ar paJlc]s  alone  may be consi~iered  insufficient, thertna]

force modeling of the entire, spticeml’1  is a complicatcxt  problcm. ‘1’his has tmn done for spacecraft

such as ‘J’01’EX where precise, orbit (lete.rl~lil~:lti~~l~  is critic:il  to mission succc.ss.2  ‘J’hc study

presented here, however, focused oJlly oJl modeling the solar panels  where the material composition

is not mar]y  as comp]cx.  Also, the prob]m  of radiation :ibsorbcd and conductcxi  through the sohir

pane] and re-radiated out is a simple  c>l]e-clitlle]lsi~>t~:il  tit~lc-clc~~ct~clcl]t  heat transfer problcm,  with Jm

intcrna] heat generation from scientific instrlime.nts or c.lectronics.

N[>l~-gravit:iti(~l~al  perturbations like the thcrm:il  itnbalancc  form IMvc been observed for years

on satc]]ite.s  like 1.AGI1OS, and arc still not completely understood. “J’hcrtmil  forces :irc dcpcndcnt

on the, environment and specifically on such parameters as the satellite mass, cross-sectional area
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and ma tcria 1 composition. Unl’ortunatc]y,  these pammctcrs can change or degrade with long-term

exposure in space. For this reason, it may be more appropriate to estimate stochastic form

parameters to represent the thermal re-radiation  forms  since the nature and rate of material

(Icgradat ion of the sate] Iite. in orbit is unknown. ~ 7 ‘1’hc. results obtained using the finite element

nmdc] used in this study  agree with the work of others  who have conducted similar studies using the

finite difference. technique to de.tmninc spacecraft thermal gradient forms in an effort to improve.

the satellite force models.
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TAIJI.111 GPS  TIIIH/MA1.  AND ORJ\I’1’ I’ARAMICTICRS

Model Parameter value
Initial orbit radius: 26,550,000 m

surfidceemissivity  Ea: ().78

surface en]issivity  Eb: 0.83

surface absorptivity aa: 0.77 -14.1 % (panel cfficicncy)

solar panclsurl’ace,area  -A: 10.8321112

satellite mass - m: 845 kg

initial pane]  tenlperfiturc  (t == O) : 300”K”

Stefiri-Ilt>ltztjlalln  cL}tlst:illt  -0: 5.66991  ;,-08 Watts/n12°K

spccdof light  -c: ‘7,998 ]~+ OS *~,/s

solar constant - ~) : 1368.2 Watts/n12

total panel thickness (8 layers): 0.01478 m = 0.582 in.



TAI]l.I’; 2  G]% BI. OCK 11 SOI.AR PAN](:I. I’ROPICIU’IICS
?

Panel 1 xiyer ‘1’hickncss Density Specific 1 Ieat Chncluctivity

Chmposit ion meters (kghn ~) (J/kg°K) (W/m *K)

covcrg]ass 0.()()749 2186.622 753.624 1.417

adhesive 0.()()()()5 1079.472 1256.04 0.116

solar CCI1 0.()()()25 2684,84 711.756 147.994

il~terctll~nectcelladh.  0,()()018 1051,793 1256.04 0.116

Kapton  cocured 0.000076 1162.5(N 1130.436 0,1506

graphite epoxy 0,()()01 9 2186,622 1373.27 ().87()6

alunlinunl  core 0.()()635 24c9~ ()~g 1046.7 250.966

graphite epoxy 0.()()01 9 2186.622 1373.27 0,8706

22



TABI.lC 3 COVERGI.ASS  ‘1’lIICRMAI. SIMUI.ATION

‘1’(!st Cdsc 1 “1’mt east 2

K= 1.417 W/m°K K= 0.04327 W/m°K

llotside’l’a=  317.41 ‘ K llotside”l’  a=:  340.30  ‘ K

Cokiside’1~  =313.66  ‘K (h]d SidC’]~=  285.37 ‘K

‘I’hwmalA cc .  =  1.881L10m/s2 ‘I’hcrmal Acc. = -8.01 1G9m/s2
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I;igure Captions:

Fig. 1 Genera] I lcat Transfer Diagram for a Spacmml’t

Fig. 2 (lmservation  of Energy Diagram for a Satellite Surface

Fig. 3 Temperature history simulation for a GI’S solar paml

Fig. 4 Radial and along-track components for the thermal force over onc orbit

I:ig. S Radial and along-track orbit diffcrcnccs, eclipsing satellite

Fig (i Radial and along-track m-hit Ciiffcrcnccs,  non-c.clipsing  satellite

Fig. 7 Orbit fit residuals, with solar radiation prc.ssurc scale Fdctor,  eclipsing satellite

Fig. 8 Orbit fit residuals, with solar radia[ion pressure scale factor, non-eclipsing satellite

‘J’able. Captions:

‘J’able  1 CiPS Thermal and Orbit Paramcte.rs

“J’able  2 GI’S Block 11 Solar I’ant] Properties

‘J’able 3 Chvcrglass  Thermal Simulation
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